The accessory outer segment, a cytoplasmic structure running alongside the photoreceptor outer segment has been described in teleost fishes, excluding the model organism zebrafish. So far the function of the accessory outer segment is unknown.
Introduction
The zebrafish (Danio rerio) is an important model organism to investigate the vertebrate visual system (Gestri et al., 2012) .
Being diurnal vertebrates, zebrafish are advantageous to study cone vision. Here, we describe a highly visible but little studied structure of the zebrafish cone photoreceptor, the accessory outer segment (AOS).
The AOS was first described by Engström (Engström, 1961) in the family of Gadidae (cods) as a cilium-like structure with a fine netlike cytoplasm, but even 50 years after its initial description, the function of the AOS is still unknown. Historically, this structure is referred to as 'accessory element' (Engström, 1963) or 'lateral sac' (Fineran and Nicol, 1974) , but is now more commonly referred to as accessory outer segment. The structure has been described in several teleost species. It originates from the connecting cilium which is located between the photoreceptor inner and outer segment and runs along the outer segment. AOS and cone outer segment are connected via a thin plasma bridge enclosed by a continuous membrane (Engström, 1963; Fineran and Nicol, 1974; Nagle et al., 1986; Yacob et al., 1977) . In teleost double cones both have their own AOS (Engström, 1961; Januschka et al., 1987) .
In this study, we show that retinal expression of Myo7a in adult zebrafish is restricted to the AOS. Myo7a is an unconventional myosin (Cheney and Mooseker, 1992) . In mammals, MYO7A is expressed in cochlear and vestibular sensory hair cells of the inner ear and in photoreceptor cilia and retinal pigment epithelium (RPE) Hasson et al., 1995; Liu et al., 1997; Weil et al., 1996; Wolfrum et al., 1998) . Moreover, in species having calycal processes such as primates or frogs, Myo7a is also expressed in this supporting photoreceptor structure (Sahly et al., 2012) . In zebrafish wild-type larvae myo7a has been found in the inner ear and in neuromast 5 hair cells, but not in the eye (Ernest et al., 2000) . MYO7A mutations in humans lead to Usher syndrome 1B characterized by sensorineural vision and hearing loss (Usher, 1914) . The Myo7a mouse mutant shaker-1 (Gibson et al., 1995) shows an eye phenotype including opsin accumulation in the connecting cilium (Liu et al., 1999) , abnormal phagocytoses in the RPE (Gibbs et al., 2003) , and impaired pigment granule movements . In zebrafish, myo7a has been identified as the defective gene in the mariner mutant (Ernest et al., 2000) .
mariner mutants belong to the circler mutants, characterized by balance impairments (Nicolson et al., 1998; Sahly et al., 2012) .
Here, in addition to the selective AOS marker Myo7a, we also present for the first time a detailed ultrastructural analysis of the zebrafish cone AOS.
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Material and Methods
Fish maintenance
Both adult and larval wild-type zebrafish (Danio rerio) were kept under a 14 hour/10 hour light/dark cycle at 28°C. Larvae were staged according to days post fertilisation and raised in E3 medium. Adult fish were older than three months.
Electron microscopy
For scanning electron microscopy (SEM) the samples were conserved in freshly prepared fixative (1% paraformaldehyde, 100mM phosphate buffer, 3% saccharose, 0.15mM CaCl 2 -solution and 2.5% glutaraldehyde) over night at 4°C and washed with 100mM sodium cacodylate buffer. Postfixation with 2% osmium tetroxide for 30 minutes at room temperature was followed by washing with 100mM sodium cacodylate buffer and a graded ethanol series ending with a H 2 O-free absolute ethanol step. Samples were transferred to critical point drying device (Bal-Tec AG, today Leica Microsystems). After several medium changes between dry ethanol and fluid CO 2 at around 10°C, samples were dried above the critical point of CO 2 . Before the dried specimens were mounted on carbon pads, they were broken by means of a razor blade or a tungsten wire. In order to avoid charging the samples when exposed to electrons, the surface was covered with a 10-20nm thick platinum or gold coat by means of a sputter coater (Bal-Tec AG, today Leica Microsystems). Samples were analysed with the Zeiss SUPRA 50 VP scanning electron microscope.
For standard transmission electron microscopy (TEM) the same fixation was used as for scanning electron microscopy.
Samples were subsequently washed with 100mM phosphate buffer before postfixation in 1% osmium tetroxide for 80 minutes at room temperature. Then samples were washed with 100mM 7 phosphate buffer, followed by ddH 2 O before contrasting with 1% uranyl acetate for 1 hour at 4°C. Dehydration was done in a graded ethanol series and a propylene oxide step. After preinfiltration in an epon/propylene oxide mixture, samples were embedded in pure epon and polymerized at 65°C for 24-48 hours. Ultrathin sections were contrasted with Reynolds lead citrate for 15 minutes and analysed with a Philips CM208 transmission electron microscope.
TEM immunohistochemistry has been done as described in detail by Klooster et al. (2009) . Briefly, after fixation and cryoprotection, 40µm thick frozen sections were incubated with the polyclonal rabbit α-Myo7a antibody for 48 hours. After rinsing, the sections were incubated in a PowerVisionPoly-HRP-Goat α-rabbit IgG (ImmunoVision Technologies Co.) To visualize the peroxidase, the sections were incubated in a Tris-HCl diaminobenzidine (DAB) solution containing 0.03% H 2 O 2 . The DAB reaction product was then intensified by a gold-substituted silver peroxidase method (Jordan et al., 1996) . Sections were postfixed in 1% OsO 4 supplemented with 1% potassium ferricyanide in sodium cacodylate buffer 0.1M (pH 7.4). Sections were dehydrated and embedded in epoxy resin. Ultrathin sections were observed and photographed in a FEI Tecnai 12 electron microscope.
Fluorescence immunohistochemistry
Adult wild-type zebrafish were sacrificed, the eye cup was removed and immediately fixed (without lens) in 2% trichloracetic acid for 45 minutes at room temperature. After washing with 150mM phosphate-buffered saline (PBS, pH 7.4), the eye cup was cryoprotected in 30% sucrose at 4°C over night, embedded 
Cloning and expression of Myo7a Ferm2 fragment
Zebrafish cDNA was essentially done as previously described in (Gesemann et al., 2010) . The FERM2 domain of zebrafish Myo7a1 was amplified using the following primers:
Myo7a1_dr_Kozak5572s
GCCACCATGGAGGTGGAGGCCATTC and Myo7a1_dr_6540as
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TCACTTGCTGCTGCCG. 40 Cyles of amplifications were done using the Fast cycling polymerase (Qiagen). The amplified fragment was gel-purified and ligated into the pcDNA 3.3-Topo eukaryotic expression vector and several colonies were sequenced. Clones with no mutations and correct orientation were chosen for recombinant protein expression. 293T cells were transfected using the calcium-phosphate transfection method (Jordan et al., 1996) . Cells were washed with PBS and subsequently lysed using SDS-Page sample buffer (50mM Tris pH 6.8; 2% SDS; 10% Glycerol, 12.5mM EDTA; 200mg/l bromphenolblue) 48h after transfection. DNA aggregates were broken by sonication and the lysate was cleared by centrifugation (5 minutes, 20000g). The recovered supernatant was used for western blot analysis.
Western blot analysis
Zebrafish lysates for western blot analysis were prepared from zebrafish eye and fin tissue using the following parameters: Four adult zebrafish eyes or an equivalent volume of zebrafish fin tissue were transferred to 1ml of SDS-PAGE sample buffer and homogenized using an Eppendorf tube pistil. Cells and DNA was further fragmented using sonication. Lysates were cleared using centrifugation and the supernatant was subjected to western blot analysis. Tissue and 293 lysates were separated on 4-15% Mini PROTEAN-TGX gels (Bio-Rad) and blotted to Invitrolon PVDF membranes (Invitrogen). Membranes were saturated by incubation with 3% dry milk powder in PBS+0.05% Tween20 washes with PBS-mT and one wash with PBS, membranes were briefly rinsed with dH 2 O and subjected to ECL solution (Thermo Scientific). Blots were exposed for 10 minutes in an ImageQuant LAS-4000 imaging system (GE Healthcare Lifescience) and the obtained images were analysed and adjusted using the Photoshop software.
Results and Discussion
Adult zebrafish cones feature an accessory outer segment The AOS has been described in several teleost fish species. However, no studies in the model organism Danio rerio are yet available. In order to identify and resolve the AOS in zebrafish we used scanning electron microscopy (SEM) (Fig. 1A-C ). The overview SEM picture (Fig. 1A) illustrates that every cone in the adult zebrafish retina is indeed associated with an AOS, which originates at the connecting cilium (CC). The CC in zebrafish is short and only visible as a small fissure. This is a marked difference to mammalian photoreceptors where inner and outer segments are spatially separated from each other and exclusively linked by the CC. The AOS is clearly smaller in diameter than the outer segment but larger than the calycal processes (CP) which longitudinally wrap every cone. The numerous and thin CP were about equidistantly distributed all around the cone from the outer limiting membrane to the outer segment. This basket-like structure formed by many CP was proposed to structurally stabilize the outer segment (Lin-Jones and Burnside, 2007; Pagh-Roehl et al., 1992) . Higher optical magnification revealed the fine texture of the AOS (Fig. 1B, C) . Its membrane appeared strongly ruffled with multiple foldings and invaginations, resulting in a huge surface enlargement.
We performed TEM to gain additional ultrastructural data.
TEM sections (Fig. 1D-E) confirmed the findings obtained by SEM. The AOS continues from the CC leading to a gradual transition between CC and AOS. As suggested by the SEM images, the AOS appeared to be continuous with the cytoplasm of the CC, running alongside the outer segment (Fig. 1D) . Within the adult zebrafish cone outer segment (COS) there was no cytoplasmic part as the discs span all along the entire width of a radially sectioned outer segment. This is in contrast to mammalian COS which have a cytoplasmic part but are devoid of an AOS. This hints at the origin of the mammalian arrangement, in which the thin cytoplasmic bridge connecting the AOS and COS has been enlarged over time finally incorporating the AOS into the COS. In contrast to the CC (Fig. 1E) , the AOS is devoid of microtubules (Fig. 2C) . Nevertheless, the AOS membrane was irregularly curved leading to an enlarged surface confirming the SEM images. The membrane enclosing the AOS is part of the cell membrane as there is a cytoplasmic connection between the AOS and the COS. When analysing larval zebrafish, a rudimentary AOS could already be detected. However, no surface enlargement could be seen in 5 day (Fig 2A) or 12 day old larva (Fig. 2B) , suggesting that differentiation at these stages is incomplete and that maturation occurs only at later stages. In larval as well as adult zebrafish, CP are separated from the COS, since they are enclosed by distinct membranes. Moreover, both AOS and RPE membranes run in parallel resulting in a close contact of these two structures. It has been proposed that an exchange of metabolites (for instance retinoids) takes place between RPE and cones via the AOS (Burnside et al., 1993; Yacob et al., 1977) .
When analysing the electromicrographs, the enlarged surface of the AOS is consistent with such an assumption. The close contact of AOS and RPE has been suggested to stabilise the outer retina, especially during retinomotor movement activity (Fineran and Nicol, 1974; Yacob et al., 1977; Januschka et al., 1987; Burnside et al., 1993; Collin et al., 1996) . Within a cone the AOS is thought to exchange metabolites, conduct signals from the inner to the outer segment, or the AOS could be a storage compartment for metabolites (Januschka et al., 1987; Yacob et al., 1977; Fineran and Nicol, 1974) .
Myo7a is a marker for the accessory outer segment Until now there was no specific marker known to label the AOS.
Since the unconventional motor protein Myo7a (for structure see Fig. 4A ) is often associated with ciliary structures (Wolfrum et al., 1998) , we raised peptide antibodies against zebrafish Myo7a to test the association of this protein with the AOS.
On adult retinal sections, fluorescence microscopy reveals a distinct Myo7a staining in the photoreceptor layer (Fig. 3 ). This labelling originated at the boundary of the inner and outer segment of every cone photoreceptor type alongside the outer segment, indicating that the AOS is indeed labelled. The staining of the AOS can be abolished by competition with the Myo7a peptide ( Fig. 4B) indicating that the antibody indeed recognizes Myo7a. Moreover, the antibody did interact with a 260kD band in zebrafish retina extracts and recognizes the recombinant FERM2 domain of zebrafish Myo7a (Fig. 4C) further confirming its specificity. Consistent with our histological studies which have demonstrated that the AOS is not mature at 12 days post fertilization, we did not detect Myo7a staining in larval zebrafish eyes, suggesting that Myo7a serves as a selective marker for the mature AOS.
We also determined protein expression at the ultrastructural level using the same Myo7a-specific antibody previously employed for the fluorescence microscopical approach for transmission electron microscopical immunohistochemistry. These immunogold transmission electron microscopical studies confirmed the staining pattern found by means of fluorescence immunohistochemistry. The majority of gold particles were detected in the AOS (Fig. 5A) . No particles could be seen in the cone outer or inner segment. A low number of gold particles were 13 found in the CC where the staining of the AOS faded out (Fig.   5B ). These findings support the conclusion that our custom made antibody against the zebrafish Myo7a is a specific marker for the AOS in the adult zebrafish retina.
The role of Myo7a in the AOS is not known. However, participation in opsin transport is likely. Interestingly, a putative transport within the AOS seems to be rather independent of filamentous actin, as staining with labelled phalloidin, a marker for F-actin, did not highlight the AOS (Fig. 4D) . In mice, it has been proposed that MYO7A is indeed involved in the transport of opsin from the inner to the outer segment. In the Myo7a mouse mutant known as shaker-1 this transport is slower than in wild-type mice, leading to the accumulation of opsin in the inner segment (Liu et al., 1997) . This finding ist consistent with MYO7A being involved in the transport of opsin through the cilium (Liu et al., 1999; Williams, 2002) , but this accumulation may also be a secondary effect of phagocytosis defects of RPE cells (Hashimoto et al., 2007) .
Myo7a has been found in the RPE of several species such as mouse, human, guinea pig, chicken or macaque (Liu et al., 1997; el-Amraoui et al., 1996) . Interestingly, other than the AOS, we saw no staining with our antibody either in the zebrafish RPE or in any other part of the photoreceptor. However, a comprehensive study dealing with the expression of several (Ernest et al., 2000) , whereas another copy can be found on chromosome 21.
The discovery of a second paralog may lead to a scenario where one paralog functions in photoreceptors, while the other may exert its function in the RPE.
In the mouse there is clear evidence that Myo7a indeed plays different roles. In photoreceptors the protein is involved in the transport of opsin (Liu et al., 1997) , while in the RPE it is involved in the movement of organelles, such as phagosomes (Gibbs et al., 2003) and pigment granules (Schwander et al., 2009; Liu et al., 1998) . Accordingly, in zebrafish Myo7a1 may fulfil its task in photoreceptors whereas Myo7a2 may act in the RPE. Alternatively, since in mice MYO7A exists as a monomer in photoreceptors, and as a dimer in RPE (Williams and Lopes, 2011) , dimerization may prevent the access of our antibody to the epitope in the RPE.
In conclusion, the zebrafish accessory outer segment is a very prominent structure of the cone photoreceptor. So far it has received little attention, but it might prove to be an important structure for transport and exchange of metabolites between the cone inner and outer segment as well as with the surrounding retinal pigment epithelium. The unconventional myosin Myo7a1 is highly enriched in the accessory outer segment and can be used as a specific marker for studying this structure in greater details. 
